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Objectives: The role of subchondral bone in osteoarthritis (OA) development is well admitted. Cross-talk
between subchondral bone and cartilage may be disrupted in OA, leading to altered subchondral bone
remodeling. Osteocytes are involved in bone remodeling control and could play a key role in OA pro-
gression. Our purpose of this study was to evaluate the preventive effect of interval-training exercise on
subchondral bone and osteocyte in monosodium iodoacetate (MIA) model of experimental OA.
Methods: At baseline, 48 male Wistar rats (8 weeks old) were separated into two groups: interval-
training exercise or no exercise for 10 weeks. After this training period, each group was divided into
two subgroups: MIA-injected knee (1 mg/100 ml saline) and saline-injected knee. Four weeks later, rats
were sacriﬁced and carefully dissected. Evaluated parameters were: cartilage degeneration by OA
scoring, bone mineral density (BMD) by Dual energy X-ray Absorptiometry (DXA), trabecular sub-
chondral bone microarchitecture by micro-computed tomography (mCT), cortical subchondral bone
lacunar osteocyte occupancy (by Toluidine Blue staining) and cleaved caspase-3 positive apoptosis (by
epiﬂuorescence).
Results: Our results showed deleterious effects of MIA on cartilage. OA induced a decrease in proximal
tibia (PT) BMD which was prevented by exercise. Exercise induced increase in full osteocyte lacunae
surface and osteocyte occupancy (þ60%) of cortical subchondral bone independently of OA. Osteocyte
apoptosis (<1%) in cortical subchondral bone was not different whatever the group at sacriﬁce.
Conclusion: Our results suggest that preliminary interval-training improved BMD and osteocytes lacunar
occupancy in subchondral bone. Our interval-training did not prevent MIA-induced cartilage
degeneration.
© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
It has been proposed that the subchondral bone may contribute
to the initiation and progression of osteoarthritis (OA)1. It un-
dergoes numerous changes during OA such as osteophyte forma-
tion, sclerosis, bone marrow lesions and cysts, trabecular thinning
and undermineralized bone matrix due to hyper-remodeling2,3.
Although OA is not solely a mechanically-induced joint disorder,
cartilage and subchondral bone interaction has been shown to play. Boudenot, IPROS e EA 4708
ine, 45032 ORLEANS Cedex 1,
-40-24.
udenot).
ork.
ternational. Published by Elsevier Lan important role in OA pathology4. Cross-talk between cartilage
and subchondral bone may be disrupted both by speciﬁc lesions of
subchondral bone5 but also by initial cartilage damage6.
Dysregulations of the cells implicated in the subchondral bone
homeostasis (osteoblast, osteoclast and osteocyte) occur during OA.
Pro-inﬂammatory cytokines and growth factors including IL-1b, IL-
6, IGF-1 and TGF-b are expressed in osteoblasts during the initiation
and/or the progression of OA7. Moreover, the expression and the
activity of alkaline phosphatase and osteocalcin levels are upre-
gulated in OA subchondral osteoblasts7. Although the role of oste-
oclasts in the pathogenesis of OA remains uncertain, the expression
of RANK-L in the joint could contribute to subchondral bone
resorption2. Higher levels of TRAP expression have been observed
in subchondral bone of osteoarthritic knees compared to non-OA
knees8. The osteocyte has been qualiﬁed as an orchestrator oftd. All rights reserved.
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subchondral bone changes through dysregulation of osteoblast
and osteoclast. The osteocyte could have an important role in OA
due to its implication in the Wnt pathway in regulating bone for-
mation10. In addition Wnt pathway signaling has been shown to
have a crucial implication in cartilage destruction in OA through
promotion of chondrocyte hypertrophy11. In 2009, van Hove et al.
have shown a speciﬁc large and elongating morphology for OA
osteocytes12. More recently, it has been demonstrated that there
are more apoptotic subchondral osteocytes in severe OA patients
than in control subjects8. However, the paucity of data related to
subchondral bone osteocytes biology limits our understanding of
OA mechanisms, particularly in the early stages of the disease.
The osteocyte is considered as a mechanosensing cell able to
treat mechanical loading signals by delivering biochemical
response in order to control bone remodeling10. Indeed, in rat
osteopenia models, it has been shown that exercise reduced
apoptosis13 and improved osteocyte viability14. We hypothesize
that physical exercise may regulate subchondral bone homeostasis
and may prevent OA initiation.
The main purpose of this study was therefore to evaluate the
potential preventive effect of interval-training exercise on the
subchondral bone changes in the well-established monosodium
iodoacetate (MIA) model of experimental OA. It has been observed
that both medial and lateral compartments are distinct from each
other in pathophysiology like OA15,16. Therefore, we wanted to
investigate the microarchitecture responses due to OA and/or ex-
ercise in these both compartments.
Materials and methods
Animals
Forty eight male Wistar rats, aged 8 weeks were received from
Janvier breeding (Le Genest St Isle, France) and were randomly
numbered and placed two per cage. They had 12 h of dark/light
cycle, at constant temperature (21 ± 2C). They were allowed to eat
and drink ad libitum. During all the experiment, rats were allowed
to move freely in standardized cages. For in vivo analysis, rats were
anesthetized with pentobarbital diluted in sodium chloride (50/
50% v/v and 0.1 ml per 100 g of body weight). At the end of theFig. 1. Experimental schedule. NEx-Ctrl: non exercised rats receiving right knee NaCl injec
jection; Ex-Ctrl: exercised receiving right knee NaCl injection; Ex-MIA: exercised rats receistudy, rats were anesthetized with pentobarbital sodium (0.1 ml
per 100 g of body weight) and then sacriﬁced by cardiac exsan-
guinations. The procedure for the care and euthanizing of the an-
imals was in accordance with the European Community standards
on the care and use of laboratory animals. The study was approved
by a board institution and an ethics committee (agreement nC45-
234-9 and 2011-11-2) from the French Institute INSERM (Institut
National de la Sante et de la Recherche Medicale) and from the
agriculture council (Ministere de l'agriculture, France, approval ID:
INSERM45-001).
Experimental schedule
Rats were acclimated for 2 weeks and were then randomly
separated into two groups: Exercise (Ex) and Non-Exercise (NEx)
for 10 weeks. During these 10 weeks, Ex group was submitted to a
treadmill running interval-training procedure. At the end of these
10 weeks, each group (Ex and NEx) was divided into two subgroups
i.e., control (NEx-Ctrl and Ex-Ctrl) and chemical induced OA rats
(NEx-MIA and Ex-MIA) (Fig. 1). An additional week was devoted to
the achievement of both densitometry scans and knee injection.
After 4 weeks, rats were sacriﬁced (week 15).
Exercise protocol
Rats in the Ex group (n¼ 24) were subjected to interval-training
treadmill exercise for 10 weeks, 5 days/week, 1 h/day. Training
protocol has been previously described for its positive effects on
bone, Maximal Aerobic Speed (MAS) determination has been also
described17. During the ﬁrst week, session duration progressively
increased from 20 to 60 min. Brieﬂy, the training program included
seven cycles as follows: 5 min of moderate speed at 50% of MAS
(from 8 to 15 m/min), 2 min of intensive running at 80% of MAS
(from 14 to 24 m/min) and 1 min of passive recovery. This program
was repeated seven fold and the training session ended with an
active recovery phase (4 min at 50% of MAS).
Induction of OA
OA was induced by a single intra-articular injection into the
right knee joint of 1 mg of MIA18 dissolved in 100 ml of NaCl. Control
rats received an injection 100 ml of NaCl into the right knee. NaCl
was 0.9% solution. Left knee remained un-injected. Rats were
sacriﬁced 4 weeks after injection.tion; NEx-MIA: non exercised rats receiving right knee monosodium iodoacetate in-
ving right knee monosodium iodoacetate injection.
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collected from the right knee joint to evaluate changes in cartilage
and bone as mentioned in Fig. 2. Transversal sections were
employed from the upper part (proximal) to the downer part
(distal) for: (1) cartilage macroscopy and histology
(1500e2000 mm), (2) bone histology (500 mm) and (3) immuno-
staining detected by epiﬂuorescence (500 mm).
Dual energy X-ray absorptiometry (DXA)
Body composition and bone mineral density (BMD)
All animals were scanned at baseline, after training and at the
end of the protocol. Scans were analyzed using small animal mode
on Hologic Discovery (Hologic, Waltham, MA, USA) (pixel area
resolution: 640 mm2) at the whole body and lower limbs for body
composition (total mass, lean mass and fat mass) and for BMD in
order to control the exercise effect [Fig. 3(A)].
Epiphyseal BMD
DXAwas achieved byHologic Discovery at baseline, at the end of
the 10 weeks training period and at sacriﬁce 4 weeks after OA in-
duction. All animal scans were analyzedwith small animal software
using high resolution speciﬁc software (pixel area resolution:
311 mm2) to measure the epiphyseal subchondral BMD of proximal
tibia (PT) and distal femur (DF) [Fig. 3(B)]. The analysis method was
developed in our lab by separating regions of interest (ROIs)
particularly involved in knee OA.
The ROIs were set as follows:
- PT: a pentagon was drawn manually. Two sides were above
the tibial plateaus with the top located on inter-condylar
spines. Two other sides were around the trabecular sub-
chondral bone beyond growth plate located near the ﬁbulaFig. 2. Schematic representation of tibial subchondral bone sections based on mCT ex vivo
(proximal) to the downer part (distal) for: 1) cartilage macroscopy and histology (1500e200
(500 mm). All the epiphyseal bone was scanned in vivo by DXA. Medial and lateral ROIs are d
“CT analyser” software (Skyscan). The diameter was obtained in order to maximize the volum
epiphyseal cortical subchondral plate. Each cylinder started from the upper (proximal) par
part (one section directly above the growth plate).head. The mean area (95% conﬁdence intervals) was 32.9
(31.4, 34.4) mm2.
- DF: a second pentagon was drawn manually. Two sides were
above the femoral condyles. A third side separated the femoral
condyles from patella. The most proximal line made the straight
line in the continuity of the posterior condyles and the last line.
The mean area was 34.1 (32.5, 35.7) mm2.
The intra-observer (AB) reproducibility expressed as root mean
square coefﬁcient of variation (RMS CV) was 2.01% and 1.90%,
respectively for PT and DF.
Data for non injected knees are not shown due to similarity with
NEx-Ctrl group.
Trabecular subchondral bone microarchitecture
At sacriﬁce, tibiae were carefully dissected and placed in
formalin (4% v/v) for 48 h. Then, samples were placed in ethanol
(50% v/v). In order to determine trabecular subchondral bone
microarchitecture, each bone was scanned by micro-computed
tomography (mCT) from Skyscan (Skyscan 1072, Skyscan, Kontich,
Belgium). The X-ray source was set at 80 kV and 100 mA. Step of
0.45 on a total angular range of 180 with a time exposure set at
3.6 s provided a 2 h 30 min acquisition (pixel size: 12.02 mm).
We have created two speciﬁc ROIs in the trabecular subchondral
bone: medial and lateral (Fig. 2).
We have used cylinders adaptated to the work by McErlain
et al.19, in order to obtain a maximal volume of interest and we
optimized the circle surface with 1.76 mm of diameter.
The trabecular subchondral bone thickness (mm) was measured
in each cylinder. Bone volume fraction BV/TV (%), the trabecular
thickness Tb.Th (mm), the trabecular spacing Tb.Sp (mm) and the
trabecular number Tb.N (1/mm) were calculated20.scan (resolution: 12.02 mm). Transversal sections were employed from the upper part
0 mm), 2) bone histology (500 mm) and 3) immunostaining detected by epiﬂuorescence
rawn in white cylinders. ROIs were cylinders of 1.76 mm of diameter drawn using with
e of the cylinder. Height was anatomically determined from the growth plate until the
t under cartilage (containing only trabecular subchondral bone) to the downer (distal)
Fig. 3. ROIs on DXA. Small animal scan (A) allowed to analyze the rat whole body and right and left lower limb. High resolution small animal scan (B) allowed to analyze the PT (R1)
and the DF (R2) on the knee.
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Macroscopy
Macroscopic views of the tibial cartilage were recorded using
Epson scan software (version 3.04F) on Epson Perfection 4870
photo (Seiko Epson Corporation, Nagano, Japan). The resolution
was set at 2400 DPI. Macroscopy was only used for qualitative in-
formation on the cartilage degeneration.
Histology and OA scoring
Cartilage samples (n ¼ 28) were ﬁxed for 24 h in 4% para-
formaldehyde immediately after removal, decalciﬁed in rapid bone
decalciﬁer (RDO, Apex, Canada) for 8 h and further ﬁxed in 4%
paraformaldehyde. Specimens were then dehydrated in a graded
serie of alcohol and embedded in parafﬁn. Safranin-O-fast green
staining was performed on 5 mm serial sagittal sections for histo-
logic grading. Images were acquired with Axioplan (Zeiss, Ger-
many) microscope equipped with 11.2. Color Mosaic camera
using 10 and 40 magniﬁcation.
The severity of OA lesions was graded using two OA scores:
Mankin21 and OARSI22 by two blinded and independent observers
(AB and SP).
Cortical subchondral bone histology
Bone explants preparation was done as previously described23
and adapted for epiphyseal PT. We employed the Toluidine bleu
staining method described by our team24. Images were acquired
with Axioplan (Zeiss, Germany) microscope equipped with 11.2.
Color Mosaic camera using 40 magniﬁcation.
Images were analyzed using Image J software (v1.46, National
institutes of health, USA). Characteristic semi thin sections of
cortical subchondral bone stained with Toluidine blue are pre-
sented in Fig. 4. The lacunae density was calculated as the total
number of lacunae per mm2. The lacunae surface and the per-
centage of osteocyte lacunar occupancy were also calculated.
Immunolabelling of cleaved caspase-3 in cortical subchondral bone
Immunolabelling of cleaved caspase-3 epiﬂuorescence micro-
scopy method24,25 was used to visualise nuclei in live osteocytes insitu, the bone explants were also incubated with DAPI (Santa Cruz
Biotechnology, Santa Cruz, USA).
Epiﬂuorescence images of osteocytes were obtained by using a
Motic AE21 video camera attached to a Microvision microscope.
Then, bright ﬁeld was employed for morphologic osteocytes iden-
tiﬁcation in each ROI. The total magniﬁcation (ocular lens and
objective) was100 (Supplementary Fig 1). The percentage and the
absolute density (n/mm2) of apoptotic osteocytes stained with
cleaved caspase-3 for each sample were determined by two
observer agreement (AB and SP).
Statistical analysis
The normality of the distributions was assessed with the Shapir-
oeWilk test using XLStat-2009 and the homogeneity of the variances
with Fisher F-test using StatView 5.0 (SAS Institute Inc). When the
distribution of the data for each group followed the Gaussian distri-
bution and the variances of both groups were homogeneous, para-
metric testswereused.When thedistributionof at leastonegroupdid
not follow the normal lawor variances homogeneity, non-parametric
testswereused.Asparametric tests,ANOVAfollowedby Fisher's PLSD
posthoc testswereemployedonsomeparameters (OARSI andMankin
scores, lacunae density, osteocyte occupancy, percentage of osteocyte
apoptosis). Two-way ANOVA was employed for histology lacunar
surface using occupancy factor and group factor. Becausewe found an
interaction, one-way ANOVAwas employed for each factor. The non-
parametric KruskaleWallis test followed by ManneWithney U test
(inter-group) and Wilcoxon test (intra-group) were employed for all
DXAmeasurements, formicroarchitecture parameters, for osteocytes
apoptosis density. Time effect on whole body DXA measurements
were observed using non-parametric Friedman test followed by
Wilcoxon test. Data were presented as mean and 95% conﬁdence in-
terval. The reproducibility was evaluated using a speciﬁc equation for
two measures of RMS CV. Signiﬁcance level was ﬁxed at P < 0.05.
Results
DXA
Body composition
At baseline, all whole body composition parameters were
similar between groups (Supplementary Table I). At the end of
Fig. 4. Cortical subchondral bone Toluidine blue staining of the PT observed with bright ﬁeld microscopy. White arrow indicates lacunae containing a cell, whereas black arrow indicates
empty lacunae. For each rat, 400 different cortical subchondral lacunaewere counted. The global ROIs were chosen to provide the best representation of thewhole bone slice. Moreover, in
order to improve therepresentativenessof eachsample, at least four global ROIsweredrawn fora total surfaceof about 0.731mm2per rat. Theosteocyte lacunaeareasweredeterminedwith
the Image J freehandtoolbydrawingtheircontour line in theROI. Lacunaedensity, lacunae surface andosteocyte lacunaroccupancyweremeasured innonexercised rats receivingright knee
NaCl injection (A); non exercised rats receiving right knee MIA injection (B); exercised receiving right knee NaCl injection (C) and exercised rats receiving right kneeMIA injection (D). We
observed higher osteocyte lacunae surface in full lacunae (containing cell) than in empty lacunae (no cell) for all groups. Full lacunae surfacewere higher in both Ex-Ctrl and Ex-MIA groups
compared to both NEx-Ctrl and NEx-MIA. Moreover, the osteocyte lacunar occupancy was 60% higher in both Ex-Ctrl and Ex-MIA groups compared to both NEx-Ctrl and NEx-MIA.
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limb were statistically lower in exercised groups than non-
exercised groups. The whole body lean mass was similar between
groups. However, the right lower limb lean mass was signiﬁcantly
higher in exercised groups compared with non-exercise groups
(P ¼ 0.0354). Four weeks after MIA or saline knee injection, only fat
mass was still different between groups in both whole body and
right lower limb.Table I
Bone mineral density of rats at the whole body, the right lower limb, the right lower lim
NEx-Ctrl
n ¼ 12
NEx-MIA
n ¼ 12
Baseline W0 WB BMD (g/cm2) 0.147 (0.145, 0.149) 0.147 (0.145,
RL BMD (g/cm2) 0.146 (0.141, 0.151) 0.146 (0.137,
RL FD BMD (g/cm2) 0.315 (0.308, 0.322) 0.310 (0.309,
RL TP BMD (g/cm2) 0.298 (0.283, 0.314) 0.292 (0.285,
After training W10 WB BMD (g/cm2) 0.194 (0.189, 0.199)x 0.191 (0.187,
RL BMD (g/cm2) 0.211 (0.205, 0.217) 0.202 (0.196,
RL DF BMD (g/cm2) 0.442 (0.422, 0.460) 0.451 (0.433,
RL PT BMD (g/cm2) 0.426 (0.406, 0.447) 0.429 (0.416,
END W15 WB BMD (g/cm2) 0.191 (0.188, 0.194)x,k 0.193 (0.190,
RL BMD (g/cm2) 0.202 (0.196, 0.209) 0.205 (0.199,
RL DF BMD (g/cm2) 0.451 (0.431, 0.469) 0.436 (0.421,
RL PT BMD (g/cm2) 0.429 (0.414, 0.443) 0.409 (0.399,
WB: whole body; RL: right lower limb; DF: distal femur; PT: proximal tibia; BMD: bone m
MIA: non exercised rats receiving right knee monosodium iodoacetate injection; Ex-Ctrl:
knee monosodium iodoacetate injection. Data are presented as mean (95% conﬁdence in
using the non-parametric KruskaleWallis test followed by ManneWithney U tests.
* Signiﬁcantly lower than NEx-Ctrl.
y Signiﬁcantly lower than Ex-Ctrl.
z Signiﬁcantly lower than Ex-MIA. Time effect on whole body was observed using non
x Signiﬁcantly different vs baseline.
k Signiﬁcantly different vs after training time point.Increase in whole body composition and BMD over time due to
the normal growth of the rats was observed (Supplementary Table I
and Table I, respectively).
BMD
At sacriﬁce, we have found a loss of BMD in the NEx-MIA group
at the right side PTcompared to NEx-Ctrl. Ex-MIA had a higher BMD
compared to NEx-MIA (Table I).b DF and the right lower limb PT; at baseline, after training and at sacriﬁce
Ex-Ctrl
n ¼ 12
Ex-MIA
n ¼ 12
KruskaleWallis
P-value
0.149) 0.144 (0.141, 0.147) 0.145 (0.143, 0.146) 0.3107
0.154) 0.142 (0.135, 0.149) 0.150 (0.145, 0.153) 0.4061
0.318) 0.308 (0.304, 0.311) 0.302 (0.294, 0.310) 0.7411
0.299) 0.295 (0.281, 0.301) 0.290 (0.279, 0.301) 0.8588
0.194)x 0.191 (0.188, 0.194)x 0.194 (0.191, 0.196)x 0.4576
0.209) 0.210 (0.205, 0.215) 0.206 (0.196, 0.215) 0.2876
0.470) 0.451 (0.435, 0.467) 0.436 (0.416, 0.455) 0.5867
0.443) 0.441 (0.422, 0.459) 0.429 (0.412, 0.445) 0.2524
0.196)x 0.197 (0.192, 0.201)x,k 0.198 (0.195, 0.200)x,k 0.1349
0.213) 0.209 (0.203, 0.216) 0.211 (0.204, 0.218) 0.4908
0.450) 0.446 (0.432, 0.451) 0.440 (0.420, 0.459) 0.6797
0.419)*,y,z 0.439 (0.423, 0.455) 0.435 (0.423, 0.437) 0.0309
ineral density; NEx-Ctrl: non exercised rats receiving right knee NaCl injection; NEx-
exercised receiving right knee NaCl injection; Ex-MIA: exercised rats receiving right
tervals). Signiﬁcance level ﬁxed at P < 0.05.Inter-group differences were observed
-parametric Friedman test followed by Wilcoxon test.
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Comparing medial and lateral plateaus, our data indicated for
each group that the medial part of the knee joint exhibited
approximately 10% higher values of Tb.Th than the lateral part
(Table II). Similarly, we observed the same signiﬁcant effect on BV/
TV (þ15 to þ26% in medial) for all groups except Ex-Ctrl group.
Tb.N was not signiﬁcantly different between medial and lateral
plateaus for all groups. Medial Tb.Sp was 10% lower compared to
lateral Tb.Sp only in NEx-Ctrl. Trabecular subchondral bone thick-
ness was signiﬁcantly higher in NEx-MIA lateral plateau compared
to medial plateau (þ13%).
Comparing groups in the medial plateau, microarchitecture
parameters were not different among exercise and OA conditions.
Comparing groups in the lateral plateau, signiﬁcant lower BV/
TV, Tb.N and Tb.Th values were found in Ex-MIA vs Ex-Ctrl
(22%, 16% and 9%, respectively). We did not evidence such
differences on Tb.Sp. We did not ﬁnd any difference between NEx-
MIA and Ex-MIA for all parameters (Table II).
Cartilage examination
All MIA-injected rat knees showed articular cartilage degrada-
tion on tibial plateau (Fig. 5). Proteoglycan loss and ﬁbrillation of
the cartilage surface were increased in MIA-injected rats when
compared to saline-injected control rats. These observations were
conﬁrmed regarding OA scores.
Both NEx-MIA and Ex-MIA exhibited signiﬁcant higher Mankin
and OARSI scores than both NEx-Ctrl and Ex-Ctrl (Supplementary
Table II).
Cortical subchondral bone histology
Cortical subchondral bone lacunae density was similar among
the four groups (Table III). Full osteocyte lacunae surface and oc-
cupancy levels were signiﬁcantly higher in Ex-Ctrl and Ex-MIA
when compared to NEx-Ctrl and NEx-MIA (Table III). NEx-MIATable II
Medial and lateral tibial trabecular subchondral bone microarchitecture at sacriﬁce
NEx-Ctrl NEx-MIA
Tb. SCB Th. (mm) Lateral 946.9 (902.9, 990.9) 915.5 (855.4, 975,7
Medial 946.9 (865.6, 1028.2) 809.3 (722.8, 895.8
BV/TV (%) Lateral 37.35 (33.12, 41.67) 34.19 (30.83, 37.51
Medial 42.79 (39.33, 46.37)* 40.27 (36.48, 44.15
Tb.Th (mm) Lateral 0.111 (0.106, 0.116) 0.110 (0.107, 0.113
Medial 0.124 (0.119, 0.129)* 0.125 (0.119, 0.131
Tb.N (1/mm) Lateral 3.34 (3.06, 3.61) 3.09 (2.84; 3.33)y
Medial 3.45 (3.21, 3.68) 3.23 (2.99, 3.46)
Tb.Sp (mm) Lateral 0.216 (0.206, 0.226) 0.229 (0.217, 0.241
Medial 0.196 (0.185, 0.207)* 0.209 (0.189, 0.229
Lateral plateau 3D volumes of interest are presented in the table. NEx-Ctrl: non exercised
knee monosodium iodoacetate injection; Ex-Ctrl: exercised receiving right knee NaCl i
jection. Tb. SCB Th.: Trabecular subchondral bone thickness. Data are presented as mean
* Signiﬁcantly different from lateral plateau (intra-group comparison).
y Signiﬁcantly lower than Ex-Ctrl.empty osteocyte lacunae surface was smaller than other groups.
NEx-Ctrl empty lacunae surface was also signiﬁcantly lower than
Ex-MIA. Finally, whatever the group, empty osteocyte lacunae had
signiﬁcantly smaller surface than full osteocyte lacunae at sacriﬁce
(Table III).
Cortical subchondral bone immunolabelling of cleaved caspase-3
There was no statistical difference between groups regarding
the cleaved caspase-3 labeling, as an early marker of apoptosis, on
cortical subchondral bone of tibia (Supplementary Fig 1). Indeed, at
sacriﬁce, the percentage of apoptotic osteocyte was 0.35% (0, 0.85%)
for NEx-Ctrl, 0.52% (0,1.14%) for NEx-MIA, 0.76% (0.09,1.43%) for Ex-
Ctrl and 0.59% (0, 1.19%) for Ex-MIA. The absolute apoptotic density
(n/mm2) was not different between groups: 8.9 (0, 26.6) for NEx-
Ctrl, 14.8 (0, 35.8) for NEx-MIA, 17.4 (0, 39.6) for Ex-Ctrl and 11.2
(0, 24.5) for Ex-MIA.
Discussion
We demonstrated for the ﬁrst time that an aerobic interval-
training exercise may prevent the decrease in PT BMD induced by
OA condition. In addition, an increase of osteocyte full lacunae
surface and osteocyte lacunar occupancy of cortical subchondral
bone was observed in exercise groups with or without OA.
It has been reported that an exercise performed immediately
after either chemical26 or mechanical27 OA could potentially pro-
tect the knee cartilage from OA progression. These last studies
neither investigated the subchondral BMD nor the subchondral
trabecular bone microarchitecture. Herein, we reported that a 10-
week interval training (12 m/min for moderate intensity and 20 m/
min for high intensity, 60 min/day) before knee injury had no
preventive effect on cartilage but protected the sBMD. These di-
vergences compared to the two last studies26,27 may be due to (1)
protocol difference with, on one hand, an exercise performed
immediately after knee injury26,27 and, on the other hand, an ex-
ercise performed before injury; (2) duration difference, weEx-Ctrl Ex-MIA
) 862.2 (883.9, 947.1) 888.1 (855.6, 975.4)
)* 831.6 (751.5, 911.7) 833.4 (765.1, 901.7)
)y 42.21 (40.30, 44.18) 32.81 (29.21, 36.45)y
)* 45.51 (42.32, 48.74) 41.51 (37.68, 45.42)*
)y 0.117 (0.113, 0.121) 0.107 (0.101, 0.113)y
)* 0.128 (0.122, 0.134)* 0.127 (0.119, 0.135)*
3.61 (3.46, 3.75) 3.04 (2.82, 3.25)y
3.55 (3.40, 3.69) 3.25 (3.10, 3.39)
) 0.203 (0.193, 0.213) 0.219 (0.202, 0.236)
) 0.195 (0.180, 0.210) 0.209 (0.190, 0.228)
rats receiving right knee NaCl injection; NEx-MIA: non exercised rats receiving right
njection; Ex-MIA: exercised rats receiving right knee monosodium iodoacetate in-
(95% conﬁdence intervals). Signiﬁcance level ﬁxed at P < 0.05.
Fig. 5. Histologic images of the tibial cartilage at sacriﬁce. Longitudinal histologic sections stained with Safranin O and fast green of tibial plateaus. Non exercised rats receiving right
knee NaCl injection (A); non exercised rats receiving right knee MIA injection (B); exercised receiving right knee NaCl injection (C) and exercised rats receiving right knee MIA
injection (D). NaCl injected rats (Ctrl) presented normal cartilage (A & C). MIA-injected rats (B & D) had loss of proteoglycans, ﬁbrillation or vertical ﬁssure in the mid zone and
reduction of cartilage thickness. Magniﬁcation of histology images presented was 40.
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produce better cartilage protection27; (3) modality difference, we
employed an interval-training protocol (which produce positive
effects on bone17,28, but its effects on cartilage were not previously
investigated) whereas the other teams employed continuous
training26,27. Recently, Siebelt et al. have shown that moderate
continuous training in Wistar rats does not protect OA progression
but further enhance papain-induced OA progression29.
At sacriﬁce, in NEx-MIA, among all anatomical sites and time
points, sole the speciﬁcally localized PT sBMD at time of the sac-
riﬁce decreased. Age-related changes in bone and cartilage might
be a confounding factor in our OA animal model, we did observe
an increase in whole body weight and BMD over time due to
normal growth of the rats. However, since rats were of the same
age, and as we compared age-matched groups in our study, we
cannot suspect a confounding role of the age. This sBMD decrease
was observed only in NEx-MIA group, suggesting, on one hand, a
deleterious effect of MIA and, on the other hand, a preventive
effect of exercise since Ex-MIA did not present such sBMD loss. We
have observed a speciﬁc response of sBMD in the tibia with OA.
Strassle et al. have studied longitudinal in vivo sBMD in MIA
induced-OA in growing rats18. Using DXA, they have shown that
rats submitted to higher doses of MIA (1.0 and 3.0 mg) had a
signiﬁcant lower sBMD gain compared to lower dose (0.3 mg) and
controls. However, DF and PT were analyzed as only one ROI
corresponding to the knee18. Here we present discrimination
between PT and DF responses.
It has been observed in human OA that BV/TV, Tb.N and Tb.Th
were higher in medial plateau than lateral plateau30. In our work,
wewanted to separate the two plateaus in order to discriminate the
same three parameters. The difference between medial and lateralTable III
Osteocyte lacunae density, surface and occupancy in the cortical subchondral bone of PT
NEx-Ctrl NEx-MIA
Density (lacunae/mm2) 621.37 (532.59, 710.15) 539.82 (488.6
Full lacunae surface (mm2) 44.65 (34.28, 55.01)y,z 44.75 (34.04
Empty lacunae surface (mm2) 33.53 (24.26, 42.79)z,x 32.48 (22.16
OCY occupancy (%) 38.48 (26.63, 50.32)y,z 37.63 (30.00
Lacunae density, lacunae surface and percentage of osteocyte lacunar occupancy (OCY occ
the tibia stained by Toluidine blue. Lacunae surfaces were measured in full osteocyte lacun
rats receiving right knee NaCl injection; NEx-MIA: non exercised rats receiving right kn
injection; Ex-MIA: exercised rats receiving right knee monosodium iodoacetate injection
P < 0.05.
* Signiﬁcantly lower than NEx-Ctrl.
y Signiﬁcantly lower than Ex-Ctrl.
z Signiﬁcantly lower than Ex-MIA.
x Signiﬁcantly lower than full lacunae (intra-group comparison).trabecular bone microarchitecture was observed thanks to a
method modiﬁed from McErlain et al.15.
Comparing groups, differences were seen only in the lateral
part. Alterations of the lateral trabecular bone microarchitecture
was observed in Ex-MIA when compared to Ex-Ctrl. NEx-MIA and
Ex-MIA trabecular microarchitecture were not different indicating
no preventive effect of exercise on this parameter. The location of
differences in the lateral plateauwas unexpected since subchondral
bone changes occurs more frequently and in a larger extent in
medial plateau in both dogs5 and human6,19,31,32. However, sub-
chondral bone changes have also been identiﬁed in both human
plateaus33.
The preventive effect of exercise reported on the epiphyseal PT
sBMD was not associated with trabecular subchondral bone
microarchitecture changes. Thus, the positive effect of exercise
observed by DXA on the tibial whole epiphysis might be explained
by the results on cortical subchondral bone. In OA animal models,
changes have been shown on subchondral plate thickness in tibial
plateaus6,16,34. However, these last studies did not investigate the
preventive effect of exercise. In the present study, we found an
exercise effect on cortical subchondral bone with higher surface in
full osteocyte lacunae and more than 60% of lacunar osteocyte oc-
cupancy compared to NEx groups. The empty lacunae surface was
signiﬁcantly lower in NEx-MIA vs all other groups. Moreover, NEx-
MIA obtained signiﬁcantly lower tibial sBMD than other groups.
Thus, we can suggest that such lower surface of empty osteocyte
lacunae could be involved in a local cortical subchondral bone
mineralization decrease (5%). Indeed, osteocytes are known to
regulate mineralization around their lacunae9,35. We did not ﬁnd
literature regarding the discrepancy between full and empty
lacunae surface. Although enlargement of osteocyte lacunae wasat sacriﬁce
Ex-Ctrl Ex-MIA
6, 590.98) 566.70 (504.02, 629.38) 671.44 (602.98, 739.89)
, 55.45)y,z 48.63 (37.11, 60.15) 47.09 (35.56, 58.61)
, 42.79)*,y,z,x 34.08 (23.95, 44.20)x 35.57 (24.02, 47.11)x
, 45.25)y,z 61.10 (56.41, 65.78) 63.03 (57.19, 68.86)
upancy) were observed with bright ﬁeld microscopy on cortical subchondral bone of
ae (cell present in lacunae) and in empty osteocyte lacunae. NEx-Ctrl: non exercised
ee monosodium iodoacetate injection; Ex-Ctrl: exercised receiving right knee NaCl
. Data are presented as mean (95% conﬁdence intervals). Signiﬁcance level ﬁxed at
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demonstrates an exercise effect on osteocyte lacunae surface. Here,
we report that osteocyte full lacunae were larger than empty
lacunae in all groups. Moreover, osteocyte full lacunae were larger
in trained groups compared to untrained groups. Differences in
surface may represent osteocyte viability and its capacity to modify
the surrounding matrix. It has been postulated that osteocyte
lacunae enlargement may be an important factor of how cells
perceive mechanical loadings38. The implication of mechanical
loadings on osteocyte response is plausible since we observed an
exercise effect on lacunae surface. However, we do not believe that
large lacunae are systematically more exposed to bone fragility and
to an increase risk of crack. In fact, additionally to larger surface in
full lacunae than empty lacunae in all groups, we found higher
osteocyte lacunae surface and osteocyte occupancy in trained
groups.
We can consider this increase in lacunar osteocyte occupancy
as a positive effect since Qiu et al. have reported that osteocyte
occupancy was inversely correlated with bone microcracks39. So,
osteocyte occupancy was described as a determinant of bone
quality39. In horses with navicular syndrome, arthritic degener-
ation was associated to low bone mass, poor osteocyte connec-
tivity and low osteocyte density40. Moreover, Jaiprakash et al.
observed that mineralization was controlled by osteocyte in OA
subchondral bone. These authors characterized the tibial sub-
chondral bone plate in patients with severe OA8. They did not
show any difference in the lacunar density between groups but
signiﬁcant higher empty lacunae density in OA patients compared
to controls. That led to approximately 40% and 60% of lacunar
osteocyte occupancy in OA and controls, respectively8. In our
study, we did not ﬁnd OA effect on cortical subchondral bone.
However, a beneﬁcial effect of exercise on occupancy was shown,
as it was recently described in a model of osteopenia in rats on
another bone site14. In the latter work, voluntary running wheel
exercise was performed in order to counteract the bone loss
induced by ovariectomy (OVX)14. Regarding femur cortical bone
diaphysis, authors have found higher lacunar density and osteo-
cyte occupancy in trained groups compared to untrained groups.
The osteocyte occupancy was approximately 40% in untrained
groups vs 60% in trained groups.
Our cortical subchondral bone histology results would suggest
that osteocytes' death might be higher in NEx groups since lacunar
osteocyte occupancy was signiﬁcantly lower compared to Ex
groups. Surprisingly, in our study, osteocyte apoptosis was not
different between groups, suggesting that other cell death mech-
anisms may be involved such as autophagy41 or osteonecrosis42,43.
Another potential explanation for the high lacunar osteocyte
occupancy in Ex groups could be a lower osteocyte apoptosis dur-
ing the interval-training running leading to an elevated number of
osteocyte occupancy just before OA induction. This lower osteocyte
apoptosis might have lead to a low osteocyte death the following
weeks. During the following weeks, osteocyte death rate returns
progressively to NEx-Ctrl values while training is stopped.
Apoptosis is a dynamicmechanism and is evaluated by determining
the expression of cleaved caspase-3 at a deﬁnite time point. Be-
sides, the lacunar osteocyte occupancy measured upon histologic
analysis represents long-term consequence of cellular events.
These two parameters have different kinetics. Van Essen et al. have
observed no difference in iliac bone apoptosis despite higher
lacunar osteocyte occupancy in osteoporosis treated women vs
placebo44.
The strengths of this study were, on one hand, the multi-scale
and the multi-modal analysis of the subchondral bone and, on
the other hand, the combined analysis of OA and exercise effects. It
is important to note that the absence of animal sacriﬁce at eachtime point and the absence of synovial ﬂuid analysis limit some
interpretation.
In summary, the major ﬁnding of this work was the positive
effect of exercise on knee subchondral BMD and on osteocyte
lacunar size and occupancy. It is important to note that our interval-
training running was not able to prevent cartilage degeneration.
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